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ABSTRACT

Macaca mulatta moakeys were exposed to prompt neutron and gamma radiation from two
auclear detonations (Project 30.6). At a period roughly two years postirradiation, the survi-
vors have been sxaniined with respect to lomg-term sffects. The present condition of tise ani-
mais relative to clinical appsarance, peripheral hematology, behavior, and cataractogenesis
bas been evaluated and compared with the acute effects that were noted and reported for the
first 30 days following exposure.

Recovery of erythroid indices in shot Wilson survivors was (1) fumctionally complete by
about § weeks postexposure, (2) sffected by production of larger hyperchromic erythrocytes
with a normal Lemoglobln concentration, and (3) fnliowed by a poasible macrocytic hyperchro-
mic anemis for the majority of the 83- to $40-day postexposure period. Similar phencsmena
were not observed in the lower-dose shit Fizeau survivors.

Lymphocytes of the myeloid series were the last to evidence recovery; the single animal
that died exhibited a unique lymphocytic hypoplasia, which suggests a diffsrestial effect on the
precursor tisswe. By about 100 dars, when the myeloid recovery was esseatially complete,
valy a depressed total leukocyte count reflected any loag-term effect; relative popuiations of
the component cells wers normal. Shot Fizeau aaimals evidenced the depression/response
pattern observed in the shot Wiison animais, dut no long-term differences were apparemt.

The resuits with respect to behavior parameters include (1) differences oo preliminary
Wisconsin General Test Apparstus trainiag which support the hypothesis of a radiation-induced
clevation of response threshold values, (1) learning-performance differences in the male redi-
ation dosage groups which are in accord with previous ressarchee oa other groups of monksys,
(3) observed differences between mals and fewmale monkeys on both lesraing periormance aad
{ree-cage bedavior parsineters, and (4) a radiation-induced factiitation cn difficult sise dis-
crimination problems.
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Chapter 1

INTRODUCTION

1.1 BACKGROUND

The primary objective of Project 9.8 wis (0 correlate  ouiron and grmme Dsasurements
wiih biclydesl response. The Preject participated on *wo shots X the Operstion Plumbdob
series. Thasc ahota wers optimal for snimal exposures ot e basis of yield, zab ahislding,
and geogrupaick! location. Station placesment, fleld exposurs sites, and classifisd paruideters
of the cxpsrimsnt are dascribed in detail ir Report WT-1608 (refsrence 1). Ali dosimetric
measurements and pratest caliisrations wers made by Projects 230.1 {gamms dogimeiry) and
30.9 (neutron dosimetry). The neutron measurements were made uaing the flasion-foil aystem
of Rurst,! and the gamma-ray messurements were mads using the UBAF chemical dosimeter
gystem.' The blast containers used iu the biological experiments of Opersticn Greenhouse’
were modifiad for use in Operation Plumbbod, and they are documented in WT-1%08.

1.3 OBJECTIVES

Three technologic objectives were adh waced whan participation in Opsraticn Plumbbod was
first designod: (1) determiration of tae LD{} and the curvival time ve. dose relation; (3) exami-
nation of acute clinical eigns and their approximate thresholds; and (3) the study of long-term
sffacis, such a8 caiaract production, life-spen shortening, bone-marrcw changss, and cereino-
genesis. The first two objectives have beex fulfilled and reported.! This report beglns the ac-
complishment of the third objactive by documenting the resuits of an snalysie and comparison
«f indings In the serviving antmals 31 to 34 months poetizradiation.

REFERENCES

1. J. K. Pickering ot al., Operaticn Plumbbob Report, WT-1505, Decembe - 1858,

3. G. 8. Hurst ot al., Oporation Piumbbodb Report, Wr-1804, March 1988.

3. 8. C. Gigoinff et al., Operai’sn Plumbbob Report, WT-1800, Nevember 1968,

4. R. H. Draeger ot al., Operation Grosnbwuse Report, WT-15, Amnex 1.3, August 1951,
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Chapter 2

CLINICAL OBSERVATIONS

2.1 MORTALITY

3.1.1 Wilsoa St

Throvgh the 30th day postirrudiaiion, 83 of 72 animals were deed. Of the § survivorse, $
bave since died: 3 animsls in group H, 410 rads (1 on the 1034 day and the other om the Y08th
day postirradiation) and the other ia groap [, 368 rads {on the 881s. day postirradiation). As
gavidouce of a pest history of irradiation, the animala that died were generally smaciated with
sone epdlation; there usunlly wes atrophy of some of the seminiferous tubules. On the other
hand, the lymphotd tissues and hone-marrow cellularity seemed to bo in a condition consistent
with the age of the animala.

8.1.2 FMseau ot

Tarcogh the 30th day posiirradiation, 21 of 72 animals were desd. On the 48th day, 1 ani-
mai from group B (498 rads) died. Thare were pructically no etfects of the radiation still visi-
dle in the tissueo of this animal. The lymphoid tissue wes in fair condition. The gastrointesti-
Bal tract was free of lesicns, and the bone marrow appeared to be of normal cellularity. The
splese was a» exception; somé germinal centars were miazing.

3.1.3 Discussicn

It is probable that none of the 30-day postirradisiion deaths alwuld be considered as typi-
czl of any special tvpe of radistion death; however, thers i no doubt thut the axposurse to radi-
aticn was indirectly cavsstive of many of the facets of the clinical picture which culminated in
decth.

& summary of mortality on both shote is given in Table 3.1.

3.2 wWEIGHAT

The long-torm picture of body weight is summarised in Fig. 2.1. Por Wilaon shot, control
meea weights have been plotied aguinst thoss two animals that lived 851 and 708 days poetirra-
diatios. For Fissau shot, the cortrol mean weights have been plotted against group C mean
weighte (his group received the highest rad dose in which there have beer no deaths since the
first 30 days).

There was definite recovery from the weight loss during the firat 30 days in both groups.
The Wilsca azimala that uitimately diod showed & decline near death. The irradiated animals,
in gensral, increasgsod in weight at the same rate as the controls; but, of course, they started at
& Jower level.

12
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Fig. 2.1— Body weight changes {n raonkeys sxposed to nucissr radiation.

%*.4 OPHTHALMOLOGY

2.%.1 Introduction

During the course of Operation Plurabbob, ophthalmologic studies were mads on 97 mon-
keys: 17 animals from Wilscn shot (3 in grovp H, 6 in group I, and 8 contruls) and 30 animals
from Fizeau shot (nine groups of 8 and 8 controls). For Wilson five sxamirations over a period
of approximately 669 days were performed. For Fizeau ouly three sxaminntions are availabls
over a period of 580 days; Lo preirradiation examinations were made. No qurly lens changes
were observed; however, cataractogsnesis has taken piace with time, and at the preseat time
signiticant lens demage has been observed and appears to be increasing in severity.

2.3.2 Resuits

(8) Wilsom Shot. The preirradiation examination, using the slit lamp, sliowed all lensss to
be clear. For a period up to 185 days postirradiation, there was no lens damage; in some aai-
mals a transitory iridocyclitis charscterized by flare and cells in the anterior chamber, cells
deposited on the anterior lens capsule, and increased nsumbers of cells in the retrolental spuce
was noticed. By 345 days postirradiation, the iridocyclitis had disappesred, and th»e leases
were clsar. At approximately 670 days postirradiaticn, the first reaily significant findings be-
gan to appear. Table 2.2 summarires the information available. In general, for Wilsca animals
these chunges consist of vacuole formation, formation of discrets moderate-sise opacities lo-
cated chiefly in the anterior cortex, and the very early formation of posterior subcapsular
cataract.

(b) Fizeox Shot. There were no preirradiation examinations performed; at 87 and 332
days postirradiation here were no lons changes. Transitory iridocyclitis was present asd

13




TABLE 2.1 —MORTALITY AS OF MAY 31, 1889

Group*

Daco, rads

Mortality

‘Wileon Fiseau

‘Wilson Fizeau

(9]
E““ﬁﬁﬂﬂdﬂﬂl?ﬁ

877
830
788
ees
881
830
483
410
386

0

683
458
440
385
341
301
268
236
208
183

0

W ~3 G O B OB @

[

D O OO OGN 3O

* Eight animals in sach group.

TABLE 2.2 —SUMMARY OF OPHTHALMOLOGIC FINDINGS

Cat : WﬂAoon

Fizeau

category amp Dose, rads

broup Dose, nd;

Clinical
observations

I

n H 410
I %8¢
r
m

NowON -~

183
208
238
266
301
341

388

440
496

No significant deviation
from normal

Pliscrete opacities in ante-
rior cortsx; esrly stages
of posterior subcapsular
oataract

Some complicated catarsct;
also vacuoles and ante-
rior cortical opecitiea.

Complicated catai-act;
granular, polychromatic,
postsrior subcapsulsr
cupulliform cataracts

14




was of the type descrided previcusly for the Wilson animals. At approximately 580 days xfter
irradistion, definite charges were noted; they are summarized in Table £.3. Groups Band C
are in category Il (complicated cataract); group D lies betwesn categories II and I, showing
both types of syndrome; groupe E and F are in category II; and groupe G, H, |, and J are in
category 1.

2.3.3 Discussion

Fizeau group D, at a dose of 386 rada, may prove to he the group that represents the tran-
sition point or thresbold indicator. At the present time, the appesrance of complicated cata-
ract in category Il animals is considered to be a nonspecific finding (a complication of the
iridocyclitis, a nonspecific reguit of nautron damage, synergism between neutroan and gamma
radiations, or simple responses of young iens v irradiztica damsgs).

The most fertile ares for study would appeur to be those animals in category 1 from both
Wilson and Figeau. The changes seea are minimal, early, and nonspecific; howsver, the pro-
gressio: of the lesions which will apparently take place should he ca. sfully documer‘ed.

3.4 OTHER PARAMETERS

Immediately postirradiation, five other clinicel signs were cbeerved and reported:
(1) vomiting, (Z) anorexia, (3) diarrhea, (4) purpura, and (8) epilation. At this time (some 21
mounths after Flzeau sbot and 34 months after Wilson shot), nons of these symptoms are to be
found in these surviving animals as a result of radiation.

18
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Chapter 3

HEMATOLOGY

4.1 WILSON SHOT

3.1.1 Introduction

Changes that occurred in the peripheral biood picture of groups G, H, and 1 during the
first 39 days postirradiation have been discussed in Report WT-1508. Of the 10 animais oriei-
pal'y exposed and studied, 3 survived at least 30 days: 1 animal from group H (462 rads) and 2
asimals from group I (410 rads).

Some 14 other animals had received simultanecus sxposure to puclear radistiona at gites
identical with those employed for the hematology animals. Theee complsately analogous survi-
vors were used to supplement the depleted heratology groups. The supplemental groups and
comcurreat controls (3 animsls per group) were reinjected with Fe*Ci, on day 34 after expo-
mire; seven hematologic samplings were stiected between days 34 and 51.

Because the animals were subjected to cther experimental procedures that might have ai-
fectad the paripbersl hematology after day 81, stutistical treatment of the data has been limited
to the posterposure period from day 34 to day 51. A semiguantitative vvaluation has besn mads
for the period €3 to 540 Auys postexposure, during which time sampling was done at intervals
of appraximately six weeks.

3.1.1 Results

@) Fe® Incorporation. The incorporation of radioiron into erythrocyte hemoglobin indi -
cated considersble repair of erythrogenic tissues in the surviving irradiited auimale. Both
sapplemanted groups exhibited greater average iacorporation than the controls. However, on
approximating an asymptote, all values were within the range determired for Macacs mulatta
at the Radiobiclogical Laboratory. Figure 3.1 shows the incorporation curves that were ob-
tained prior to exposure aad at two intervals after exposure.

®) Erythvoic Parem«tevs. Duys 34 to 51: Time-course plots for peripheral #rythrotd
parameters are shows in 3ig. 3.3. Data are expressed as perceatages of comcurrent control
aaimal values. Figure 3.3 reflects the integrated picture for hemoglobin-cnstalning biood ele-
ments in terme of mean corpuscular volume (MCV) and mean corpuscular hemogiobin (MCHL)
for the same time paricd. Tuble $.1 sv nmarises the results of a type I amalysin of variance
(Lindquist) of the raw data for the 10 peripheral hamatologic parameters that were followsd.

63 to 840: Mgure 3.4 ahovs time-course piots for erythrocyte, bemogiobun, and

hematocrit valuss for the suppiemented groups from days 34 to 540 postexposvrs. Nucleated
red bicod cells and reticalocytes approximated control values for this segment of the pict and
are sot shown. Tabls 3.2 suammarises the average values obtained for the entire cbserration

period.

16
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MIAN CORPUSCULAR MCMOS OBM
® MEAN CORPUBCULAR VOLUME

PERCENT OF COMCURRENT CONYROL VALUES
3
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He -
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DAYS AFTER EXPOSURE

Fig. 3.3—Temporal changes in mera corpuscuisr volume sad meas corpuscular hemogichin.

TABLY 3.1 —SUMMARY OF TYPE | ANALYSIS OF VARIANCEK

p vaAluo

Parameter A Bt ABg
Erythrocytes 0.01 0.01 0.01
Hematocrit 0.0} 0.0} 0.01
Hemioglobin 0.01 0.01 0.1
Reticulocytes 0.01 0.01 0.01
Platelsta 0.01 0.06 0.01
White blood cells 0.01 <$.08 0.01
Lympbocytes 9.01 0.01 0.01
Folymorphonuclear

neutrophils 0.01 <0.05 0.05
Mooocytes 601 0.01 ¢.61
Eosinophils 0.01 0.01 0.01

s A (time effect): changoes that ocourred with time when com-
parod with the concurrent control animals.

¢+ B (group effsct): resolution of the antmale fato groups as &
function of rediation doee when compared with the concurrent
coutrol animals.

$1AB (interaction): taat of the differsnces between irradisted
and control groups for the entire testing period.

19
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PERCENT OF CONCURRFNT CONTROL VALUES
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TABLE 3.2-— MEAN VALUKLS FOR PERIPHERAL NIMATOLOGIC PARAMETERS

Approxtmste peroentage

Group of ocntrol vsiues
Parameter Controls 410 rndo 442 rads 418 rade 4432 rads
Days 3¢ to 81
Erythrokk:
Erythrocytss, 107/2m’ 2.26 646 3.38 88 (7
Kematocrit, § 383 38.6 .2 ”n 76
Hemaglobtn, g % 10.1 8.0 1.4 89 73
Meaa corpuscular volume, u? T4 79 s 110 119
Mean corpuscular emoglobin, g 18.2 0.3 121 106 114
Mean corpuscular hemaglobia,
conpentration, g/100 w! red cells 263 28.3 183 e S
Myeloid:
Total white hicod vells, 10"/ mm? 12.7 11.9 10.3 87 s
Lympbocytes, zalla/100 44 3 20 9 41
Polymorphosucisar seutrophils,
ocalls/100 “ s 58 % 13
Platelsts (x 104) 2.8 366 1.0 18 83
Days 63 to ¥4
Erythroud:
Erythrocytss, 10Y/ mm’ 630 5.0 5.4 " Y]
Hematoortt, $ 5.4 Q.0 Y [ ] 1]
Hemogiobin, g % 1i.9 11.8 11,0 ” ”
Maaa corpuscular voiume, &' 71 n (34 100 .
Mean corpuscular hemogiobia. pug 19.1 10.7 304 193 107
Mean corpuscular Semogiobia,
comcemtration, g/ 100 mi red cells 0.3 3.4 2.0 104 188
Total witite blood cells, i0®/mm® 138 ile (X v (V)
Lymphocysss, cells/ 108 » » 2t 198 4
Polymorphassciear seutrophils,
celle /100 a 28 4@ 4] 100

Plaialets tx 185; 3.3 ».1 233 111 »0
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{c} Myeloid ravameters. LDays 34 to 81 Figure 3.5 expresses the ictal white bleod celi
counts detsrmined for th > supplementad {rradiated groups as parceniages of concurvest con-
trol ralues. Amplitude of the bar denotes the relative total leukocyte coumt. The stippled,

striped, and open sogments refiect the progortion of the tofal populntion wolch was contributed |

by polymorphonuclear neutrophlis, lymphocytes, and the aggregute of monocytss aand eos.ac -
phiis. Figure 3.6 shows the relation of the monocytes and ecsinophils which comprised thia
aggregite population. Sab cells were rarely found in any of the animais ard are aot shown.
Tae resul’s of the statistical testing of the raw deiz are summaerized ic Tabile 3.1.

Juys 83 10 540: Figures 3.7 and 3.8 are time-course plots lor total isukocyte, lymphocyte,
wnd polymorphonuciear neutrophil counts. Figure 3.5 sbows thy average platelet count for the
aame period. All data are expressad s percantages of concurrent control animal vaisee,
Tubiz 3.3 summearizer ke menn vaiver found for the mysloid series constituents for two sub-
p>ricds after the exposure

3.1.3 Discuassion of Recovery and Lomg-term Effects

(&) Fyythvoid Seviee. Bone-marrow aplasia, wich rscovery becoming appareat in those
animals destined to survive jor at least 30 days, wes the finding lur the Wilson animals, In
other animale which had aiso gurvived the expogure 1or at isa~t 30 days and which were wsad
to suppiement the aspisted groups, the peripheral blood pictures colncided well with these of
the original survivors. Stalistical anslysia of the data showed the apparent chaages were aig-
nificaat ¢o the 0.1 confidence ievel in slmost all parameters.

A reticulocytosis was apparent 23 sarly as 135 days after exposure to 410 rads sod ou day
42 for the 483-rad survivor. The reticulocytoais was sccompanied by large numbers of nucle-
al2d rad blood cells; both thegs recovary indexes were at the maximum obeirved valuss on
postéxposure days 34 aud 35, but separatixn into dose groups remained agparent. it appears
that ths recovery in the 462-rad animals wae 2.ightly delaysd with respact to the racovery in
the 410~rad sarvivors.

Erytarocyte counts sand hemogionin and bematocrit vaines wer? inclining Zoward normal
valuves thzoughout the period from day 34 to cay 51. Ssparation as & function of radiation dose
was wiiforly apparent in all three parametsrs. Erythrosyte counts ro:oained depressed he-
low comcurrent euntrol saimal vaives. On the basis of mean corpuscuisr volume, mean cor-
purcular hamogiobin, and mean corpuscular hemoglobin concentration calculations, it appears
thet & stem-cell prolifaration rate phenomendn may have beer limiting. To compenasie for
such » deficiency, calls stizined volumes and hamoglobin contents in excese of control values;
however, the conceniration of hemoglobin in there megaioblasts was essentially the same (or
slightly depressed) 23 the ceils of the comtral animals. If erythropojesis, cell volume, and
beroglobda content ara aspumed (0 be primarily ¢ Ructicn o7 p Oy in the blood, thea such find-
ings beacome m0re understandeble.

Coroliary i such & posiulete 15 that the colloctive difforences in erythrocyte number and
bemogioldn and hewatocrit values for the 82- to 840-day pertad are depressed by an aversge
3.3 and 11 per csnt for the 410- and 482-rad animain, respectively. For the corresponding <ii-
ferences lu MCV and MCHD, the svorage elevation above contrel values 's 2.5 and 5.8 per cent
for ite 410- and 463-rad survivors, respectively, Therefors it appears that « long-term effuct
of exposure miy be noanifected in the red cells; sither & stem-cell proliferative rate or a ge-
nstically modified precursor ce:l conid be invelved.

(®) Myeloid Serics. Beginuing platelet, monocyte, and eosinophil rscovery in the 410-rad
survivors wae observed on posiexposure dey 10 and in the 462-rad survivor by days 23 to 34
for the first two prrameters. Increxsed total lewkocyte counts waro obhserved tn ail survivors
ty Qay 4. Penk monocyte production was apparent {rom daye 34 to 38; sosinophils atinined
soaximum values frow daye 41 to 48, The polymorpbunuclear noutrophil poriion of the white-
cell population appyars to have increased almost linearly from duys 22 to 33 in the 410-rpd
animals snd had sttained maximurs yalces by day 41 in the 483-rad animsls. Lympbocytes,
which kad comprised almost the sutiz+ leukocyte pepulation during the period of marrow apis-
sia, stiil bac not attained norz sl numbers through the Blst postexyozure day. About @3 duys
after expogurn, the 410-rad saimals b4 & “pormat” lymphocyte count; two of the 462 rad ani-
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mals approximated control values at this time, but the third snimal romained markedly de-
aressed.

This animai waus the sole survivor of the originsl hematology 482-rad esposaure groap. He
. od 102 days after exposare. All myeloid elemonts ¢ the blood had returrad to cepentially
sormal values in phase with the animals used to supplement his group. However, sfter neutro-
phil recovery had established the true relation concerning the lympitocyte hud seutrophil popu-
lations, 1t became possibis to determine that no appreciable lymphocyte produection occurred in
this saimal. The saximum value observed after the neutrophil recovery wau “complets”™ wug
13 lymphocytes per 100 celis; on that day the controls averaged 44 lymphocyiee per 100 celis,
aand ks to exposure groupmates avoraged 44 cells per 100 leukocytes. His lymphocvte count
at the last predeath samp’ 'ng was § per cent. This would appear ts be & ditfsreaiial type of
sessitivity in whick a single tisgue failed to reectablish its functiomality.

n gmeral, other peripheral lsukocyte slemants bad an aversge doyrension below control
values for the 83- to 540-day postexposure period. Exceptions were lymphbocyte and platelet
counts in the 410-rad survivors; these parameters aversged 105 and 111 per cent above con-
trol valuwes Sor the entire period.

3.1.4 Summary

I caizsals exposed to 410 and 462 rads of mixed neutron-gamams radiation, merrow apia-
sl is in evideace for at least two weeks. Reticulocytosis and nuclented red blood cells attain
maximum values at sbout five weeks postexposure; hemoglobin and haraatocrit valuss are at
ocontrol levels from seven to nine weeks postexposurs, but erythrocyts counts lsg. Megaio-
biastic cells were formed, apparently in a compensatory mechanisma. A poezidility exists that
megaloblastic cells remaia in the animals through 840 days after exposure.

Leukocyte production was apparent as early as 19 daye after axpowure. Polymorphonu-
clear noutrophil prodection agpears to have attained a maximum five weeks after esposure;
monocytes sitsined & maxizmm at about the same time. Bosinophils attained s maxirsem at
sbowt six wesks postexposure. Lymphocytes, which comprised tlmoet the eatire white.-call
popuistion while counts were less than 1000/mm’, were the last component tc recover. The
animal that dled during the 540-day pericd failed to recover ia only 0oe way, lymphocytes were
esoentiully abssat from kis white-cell population eleven weeks siter the sxposare. For the 63-
to $40-day pustexposure period, moet of the other lsukccyte parameters averaged ¢ depression
below concurrast costrol animal values. ‘The decresse in variability of white blood cell comts
noted in chromic irradiations of monkeys was aot seen in the shot Wilison nnimals.

3.2 FZIRAU S2OT

3.3.1 INMircduction

Periphoral hematology ca the young animals comprising shot Fisoau was sot reported
doring the first 30-day postiz radiation period since it was degired to place 0o stross whetso
over on these animals which might iaflsence mortslity.

Immediataly after this pertod, a series of complate biood commts wes performed during &
period of §0 days. Ia April 1988, cver a period of about 40 days, ancthar series of dain was
tahee 0B & selected growp of these monkeys. These two sets of data bave Bees compared by
statistical manns, and the results aad coscissions sre reporied below,

3.3.3 Materials and Mathods

Sandard clinical laboratory procedures such as utilised in USAY hospital laborstories
bwve boss woed for all hematologic mensuremenis.
For purpones of amtlysis, four animals were selected from sach group ia which there

'mmmwmmnwmm {T,) and the period 500 to 000 days (T,) postir-

redistion. Mine parameters were availohia: red biocod cell comts, hemogiobta, hossatocrit,
piatelels, white bieod cell counts, perceatage of lymphocytes, percentage ¢of neutrophile, per-
sentage of menccytas, and percentage of cosinopidls. Theue ains sets were them treatad by sa




ssslyels of variance for all s~urct in T,. The parameisrs that were sigaificant at the 3 por
cont level were then tested at T, in (he same wanssr. Additicanlly, the mean valee for vach
WMMTKWWMKWMSMT,W“WMGM.

3.4.3 Resuits

@®) Timg Pericd 1 (T,), 30 to 120 Nays Postromiiniise. Red Blood Twils: There Ia 2
siight trend upward in the higher doae group, indicating secovery irom thw rediaticn. Nawpever,
there wre no sigaificant time differemces, and the groups camnot be distingsished trum the
countrols.

Bamogiobin: There is a distinct diferezce Dbatween irradisted snimale snd comtrols which
ie attributable to the effoct of radintion and is staiistically significant at the § par cest comfl-
deace level. Figure §.10 ahows the mean valuos of five seiocted groups plotted agaiast days
postirradiation; the aver-all mean for T, is showa siso for each growp.

Hematocrit: There is a recovery troad precont dere which actually tends to evershoot the
controis and then docrense soraewhat. There are vo significant differences datweon groeps,
but the time differences arc sigaificaat at the § per cent coufidence level. Figure .11 chows
the mesn values of five nelected groups pictted against days poscirradiation; the over-all mean
for T, is aleo shown for eack group.

Pintelets: These vaiues during this period recovered to the polat whers the trends became
MMW thars are, howuver, significant differences Datwoen growps attridwtable
to radiaiion. Theee effocts, 2 this point, are prodadly costriduted largely by grouwp C &he
higheat dose group). Figure 3.12 shows the mesa viluse for five selected groups plotted
agpieat days poetirradiation; the over-ali meas for T, is also shown for each growp.

White Biood Calls: There are ao treads or differences betwesn groups which are sigaifi-
cant. Some recovery s evident in the sarly stages (30 to 50 days postirradiation).
ge of Lymphocytes: Figure 3.13 chows the meaa values for five selected groups
plotted against days poetirradistion; the over-all mean for T, is Alsd shown for sach growp.
There is definitely a recovery patters which occurs irom the 00th to 130th day postirradiation.
The apparent anomaly during the first two poriods resulta from ths inability of the lymghocytic
tells to agpear in their proper perspective wmaiil the neutrophils, which recover sooner, reach
norual levels. The treads depicted are sigaificant at the § par cent confidence level; however,
thare are s significant 2ifflerences betweea the groups.
of Neutrophils (Polymorphomsclens 08): These celle had almoet
complotely returned to sormal by the tinae thase costs were takes, sad there are mo
siguificant differences or tremds te dizcwse. .

Percentage of Mondcytes: These resuits are presasted ia Nig. 3.14. The data bave boen
normalised with respect to the concurreat comtrol valuer ; the percentags of menocytes 4 por-
cestage of contzol valnes s been shown for each growp for the five sampies ia Ty, as well as
the five sampies ia T). These data demonstrate forefully the tremeadons tacreaso i this type
cell in the perind 30 to 60 days postirradiatios and the sukesgaent decline to, and contiowmmece
st, mormal lovels. The depicted changes are sigaificant st the § per cant contidence lovel sad
must be attributed to (rradiation.

ol Bcsinophils: The results are prosesied in FMig. 3.18. The Gala, which have
beea noraalised with respect to the controi valwes, are given for each growp for the five sam-
ples takanm in ench time period (T; and T)). There 15 a Mghly sigaificant § = 0.01) incrense
thet takes place 48 to 90 daye postirradistion. Morwel leveis are reached at very searly 100
duys, and they have coulirmed watil the present time.

®) Time Period 2 (Ty), $60 & 600 Days Postirradinien. Por all paramaters testad Bace
were a0 diffsrencee st all betwean a0y (rrodisted aximals and the comtrols which couldt he a & -
rect result of the irrediations rece'ved i» 1987. The recovery asticed i the Hrmed clesasnts
of the periphersl hiood wp o 100 days wae essentially complete st that time, and uo Nrther
changes Mave ocourred.
{7t omtiause en puge 38.)
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3.2.4 Discussion

Cf the #ix paramators in which significant changes wers lound, only three show 3d any
lasting sffocta, i.e., bemoglobin, pistelota, 2nd eosinophils. This fe ndt to say tkat they sre
late effects but rather that complete racovery was not effected in 130 days but st some later
dute. Thie recovery i8 proportional to iotal dose, and probadly the threshold lies batween 308
and 3%) rada under the irradiation conditions of thiv shot.

The coninophiiia noted 18 wmoeet probebly an “o. :rshoot™ phemomencn rosulting from two
factors: (1) the gensral tendercy of the marrow to produce more cells after the loases due to
radiation and (3) the asrious “strees” on the animals imposst by the irradiation caused »
marked eoginopenia during the period 7 to 30 duys postirradiation.

In general, ihe responce and recults rapresent the classical picture of the results of sub-
letha! to midiothal doges of lonizing radistion; the response is identical with, but of a lesser
dogres, thy response in the monkeye in shot Wilgon which received much higher doses. Thers-
fors at 600 days postirradiation, tbere are few or po reaidual offects on peripheral hammlogy
ia the s Pizesu animals that survived the first 30 days.

R B st be poted that the animeis of shot Fizean compriee & mixsd group of males and fe-
males. Of ih. pine groupe of ¢ xaimals each analyzed without regard to sex, 32 were males

_ and 14 were fomalss; five groupe contained 2 femsles, and the remaining four groupe sach bad

1 tammaie. Further discussion of alfects in relat:on to sex differences will be covered in
Chag. 4.
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Chapter 4

BEHAYIOR

4.1 INTRCDUCTIOR

Past research xt the Radiobiclogical Laboratory, conducted with male rhesus monkeys
previougly sxposed in the aboratory to & mixed source of gamma snd noutron radiation, found
that the effects of such radiation exposurs include chasges in cage behavior,' decressed dis-
tractibility,! facilitated performance on discrimination problems with reduced stimulus cues,’
facilitated delayed-responee performance,’ and some deficit in visual uculty performance.’s.

The present series of studies was undertaken o determine the offects of ths field expomirs
of the monkeys of the Fizeav shot on performsance on the same and similar tasks,

4.2 METHODS

4.2.1 Bubjects )
8ixty-four rhesus (Macaca mulatta) moukeys of the Fizeau shot were used as subjects, 40
males and 24 fo#males. For thia study the 23 animals of the control group and of radiation sub-
groups I and J constituted radiation dosage group 1, the 1% animals of radiation swbgroupe ¥,
G, and H conatitwiad radiation dosage group 2, and the 18 saimale of radiation subgroups C, D,
and K constituted radiation dosage group 3. Grouping in this mamner was necesesary, in the ini-
tial study to be reported heres, to meet the requirements of the chi-aquare test with respect to
expected {requencies in each cell. The zame groupings were maintained in subse ent tests to
render the appraisal of radiation dosage effects compurabla from test to test.

4.3.2 Procedure

(8) Preliminary Wisconsin Geneval Test Apparatus (WGTA) Training. This training was
conducted from June @, 1958, to Aug. 4, 1968. Its purpose was to train the subjects (1) to take
food from the test tray of the WGTA, (3) t5 aseociste object blocks with food, (3) to respond to
object blocks only as such response is instrumental in procuring food, (4) to continue response
to oblect blocks in spite of the distraction of the sliding screens of the WGTA, and (8) t5 con-
tinve response when ounly U.50 of responses to object blocks are rewarded with food. A sche-
matic drawing of the WGTA is shown in Fig. 4.1. The program iavolved five successive cri-
teris, which were tested (n the foliowing order:

1. Criterion 0: If an animal on the initial duy of testing failed to respond immediately to
three pleces of food placed on the fromt-center surface of the test tray, be was tested to the
criterion of 24 successive procurements of food from the suriace of the test tray per day for
two succedsive days before being tested on criterion 1. However, if an animal oa the initial day

of tosting responded immaediataely to food on the open test tray, his testing on critarion 1 wag
heeun. Both screens of the WGTA remained up duriny all testing on criterion 0.

t 1]
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2. Criterion I: A red-painted square wooden block measuring 3Y; by 3% by 1Y, in. was
used fo thie test 23 well as in ali subsequent testing. The block was chained to the test tray to
provent the animal from pulling it to ham in the test cage. The animal, on each trial, saw a
Pisce of food placed in the canter food well of a tray baving three 100 2 'i2, 237 the ulws
block placed over the baited food well, and was then givem an opportunity to push away the biock
and procure the food reward. Each animal under this condition was tested to the criterion of 34
successive procuremaents of food reward par dey for two guccessive days.

3. Criterion II: Testing on criterion II was the same as cn criterion [, axcept that the for-
ward screen was dropped during the baiting procedure. Twenty-four uccassive responses per
day for two succesaive duys were again requirec.

4. Critericn III: Testing on critericn I was the same 22 on criterion I, sxcept that the
biock was no longer chained to the test tray.

5. Criterion IV: Testing on criterion IV was the same as on criterion I, except that
manual response to the biock was randomly reinforced with food only half the tims.

I an anima) failed 0 respond within 3 min in the appropriate manner at any stage of the
day’s training on sach criterion, kis testing was terminated for the day. Pleces of diced apple
were used as the food reward.

After completion of the above training procedare for sl animals, testing was initiated on a
single two-object discriminatica problem. The positive of the two objects was a yellow-painted
square wooden block, measuring 3 by 3 by ¥, in., with a cizcular red-painted wooden biock,
measuring 3 in. in diameter and ¥, in. in depth, superimposed. The negative stimulus cbject
Was & yeiiow-painted square wooden block with the same dimensions zs the base of the positive
stimulus object. Each animal was tested 34 trials per day on this discrimination problem to a
criterion of two successive days with three errors, or {ewer, per day.

() Discrimination Problems witk Reduced Stimuius Cues. This training was conducted
from Sept. 12 to Nov. 20, 1958. The stimulus objects for this training were identical to those
used on the two-object diacrimination problem. Each problem oa this task consisted of two
trials. On the learning trial the animal was rewerded for responding as he had learaed to do in
the discrimination training. On the test trial, with only the two identical yellow wooden bliocks
being present, he was rewarded for response to the position that was rewarded oa the learning
trial. Poeition of reward was, of course, randomly varied from problem to problem. Each ani-
mal was tested on 34 problems per day for 32 days, s total of 768 reduced-cue discrimination
problems.

(c) Spatial Delayed Response. This training was conducted from Dec. 3, 198, to Jan. 15,
1958. The stimulus objects were the two identical yellow wooden biocka that hasi been used in
both the single discrimination training and the training on discriminstion problems with re-
duced stimulus cues. Standard direct-method spatial delayed-response techaiques were used.
The length of each delay was 10 sec, and the opaque scresn of the WGTA was raised during
each delay. Each animal was tested 24 trisls per day for 24 days, a total of 576 spatial delayed-

response problems.

(d) Viswal Acuity Testing. This training was conducted from Jan. 19 to Mar. §, 1989. The
treining was intended to evaivate the minimum-size figure that an anims) can perceive. The
probiems required the animals to choose betwoen blank cards and cards coataining black dots
of varioun sizes. A card with a dut measuring 2 in. in diameter was used in the preliminary
training; and, in the visual acuity testing, five cards containing dots varying in diameter from
1 t0 ¥y in. were used. la the preliminary training sach animal was tested to the criterion of
31 correct responses (14 trials each day) for two successive days. In the visual acuity testing
sach animal was tested 24 trials per day for five days on each of the five remaining cards given
in order of increasing difficulty. Response to the card containing the black dot was reinforced.

(®) Systematic Observations of Cage Bekavior. This testing inciuded three sempling
pericds. The first set of chesrvations was made from May 12 to May 33, 1083, the second set
from Nov. 10 to Nov. 21, 1958, and the third set irom May 36 to June 4, 1969, The methodology
followed that of previous studies* and consisted of systematic cbeervations of the {ree-cage
behavior of the monkey. Duriag each cbeervation the animal was placed in a special holding
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cage. This cage meanared 3 by 3 by 3 ft and was conetructed of steel bars placed 3 in, spurt
comtar-to-center. A wooden cage bed was affixad to one gide of the cags.

To record aa obsqrvation, the experimenter sat 8 ft irom the cage and recorded tn a
mimeographsd category sheot what the anisl’s bebavior was every 10 secs ou the 10-ssc
mark. Since each obgervation wag of S-min Juraiion, the total {requency count for each animal
for each observation was 30. Kach animal was observed five timee during eich of the three
gets of observations.

The bebavior categories discussed here include (1) noadirected locomotor activity;

(3) object-directed activity, either by responae to the wooden cage bad or o the metal cage
phrts; and 3) attsntion to suditory stimuli occurring outside the test room. Each of thess cate-
gories bad differsntiated between the irradiated and the normal antmals in previous work.'

4.3 RESULTS

4.3.1 Preliminary WGTA Training

Figure 4.2 shows the proportion of animals in each radiatica group that responded immed: -

ately to food om the surface of the test tray on the initisl day of testing. Ht=tistical treatment of
this data yisided a chi-sguare value ol 18.44, which, for 3 degrees of treedom, is bayond ths
0.0C1 significance level. The probability of immediate response to food on initisl exposure to
the test situstion increases directly with relative radiation dosage.

Figurs 4.3 shows the median number of days to criterion for exch group on each of the
last four criteria. Only with respoct to criterion | was 2 difference manifested. Statistical
analysis of the data for criterion I, using the median test, yieldad a chi-square value of 6.07,
which, for 2 degrees of freedom, is beyond the 0.05 significance luvel. The median days to
criterion were significantly greater for the animals of group $ than for the animals of either
growps 1 or 3, suggesting slower associstion of the object block with food reward for the ani-
mals of growp 3.

Figore 4.4 compares the groups with respect to proportion of subjects in ssch group at
or below the common median number of days to criterion on the single diacrimination problem.
Batistical analysis of these data, comparing proportions above the common median to propor-
tions at or below the common median, yielded a chi-square value of 7.88, which, for 2 degrees
of freadom, is beyoad the 0.02 significance level.

4.3.23 Discrimination Problems with Reduced Stimulus Cues

The percentage ol errors inr successive four-day pericds of testing an the discrimination
problems with reduced stimulus cues i3 shown in Fig. 4.5. The upper portion of Fig. 4.8 shows
the data for all the saimals of each dosage group, the middle portion shows the data for the
@alo animals only, and the lower ortion shows the duta for the female saimals anly.

Racistical amalysis of the error data for all the an'mals of eack radiation growp, using a
mixed type analysis of variance design, yielded no significant difference between raciation
groups (p = 0.20),° a significant practice effect (p = 0.301), and 30 groups by practice iater-
aciion.

A similar analysis for the error dats of the males yielded identical resulta. The results
of the amlysis for the females were ihe same, with the exception that the difference between
radiation growps did not reach the 0.20 sigrificance level.

€.3.3 Bpaiial Delayed Response

The percestage of errors fcr successive four-day periods of tesiiag on the spatial
delayed-response probless is shown ia Mg ¢.6. The upper portion of Fig. 4.0 shows the data
for all animals in each doonge growp, the middle portion shows the data for the male animals
oaly, and the lower portion shows the data for the female animals only.

* 7o permit & subjective ovalmiion of jola. Jrotabllities, all differences in this and subee-
Quint asuiyses st or beyoad the 0.03 sigeificance level are presented.
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Statistical analysis of the error dats for all the animals of cech radiation growp yielded ao
significart difference Latween radiation groups, s significant practice eifect {p = 0.001), and B0
groupe by practice inteiaction.

The analysis based on the error data {or the maies yielded a significant difference betwsen
radiation groups (p = 0.05), & siymficant practice effect (p = 0.001), and & significant groups by
practice Interaction (p = 0.05}. The results of the analysis for the fomales yielded s significant
practice effect (p = 0.001), with the other effects not achieving the 0.20 significance laval.

4.3.4 Visual Acuity Testing

The radistion groups did not differ significantly with respect to iriale to criterice on the
preliminary training of the viaual acuity testing. The mean errors for sach of ths five prob-
leins of the visual acuity testing are showr in Fig. 4.7. The problems are arrangod from laft
to right tn crder of decreasing size of the dot to be dscriminated. The apper portivm of Fig.
4.7 ahows the data for all the animals of eéach dosage group, the middle portion shows the data
for the male animals only, and the lower portion shows the data for the femals animals only.

Statistical analysis of the error data for all the enimals of each radiation group ylelded no
significant difference between radiation groups (p = 0.20), a significant dif{fereacs batween
problems (p = 0.001), and a significant groups by problems interaction (p = 0.08).

The analysis of the error data for the msles yisided only & significant difference between
problems (p = 0.001). The results of the analysis for the females yielded similar vesults, with
the exception that the groups by probiems interaction reached the 0.120 significance lsvel.

4.3.5 Systematic Observations of Cage Behavior

The mean {requency of attention to aunditory stimull occurring outside the test room: for
each of the three successive nbservation periods is shown in Fig. 4.8. The upper porticm of
Fig. 4.8 shows the data for all animals in each dosage group, the middls portica shows the (ata
for the male animals only, and the lower portion shows the data for the female animals only.

Statistical analysis of the frequency data for all the animels of each radiation grovp
yielded a significant differeace between radiation groups (p = 0.01), a significant time offect
{p = 0.03}, and no groups by time inceraction.

The analysis of the {requency data for the males yielded a significant difference betwean
radiation groups (p = 0.038), no significant time cffect (p = 0.20), and 20 groups by time inter-
action. The analysis for the females yieided no significant effects. The time effect for the fe-
males was, however, at the 0.10 sigaificance level and the interaction effect at the 0.30 signifl-
cance level.

The mean frequency of cage responses for sach of the three obgervation periods is shown
in Nig. 49. The wpper portion of Fig. 4.8 shows the data for al! animals in each dosage growp,
the middle portion shows the data for the msale animals omly, and the iower portion shows the
data for the female animals only.

Btatistical analysis of the frequency data for all the antmals of each radistion group
yielded no significant differsnce between radiation groups {p = 0.30), a significant time effect
(p = 0 001), and po groups by time interaction.

Analysis of the frequency data for the male animals yislded no significant difference de-
tween radiation groups (p = 0.20), a significant time effect (p = 0.005), and 0 groupa by time
interaction. Aamlysis for the femalees yialded a significant difference betwoen radiation grovps
(p = 0.08), no time effect (p = 0.10), and 0o int=iiTion.

hmmmdmtwmmMﬂqumuﬂu,mde
reached the 0.08 sigrificance leval.

4.4 DISCUBESION

The daws of the first of the series of studies reported here show that the higher the doee of
previous whole-body irradistion (within the range of the dosages used), the greater the probm-
bility of immediate respoase 10 food by monkeys whean first piaced in the WGTA,; the alower the
aseociation betwesn an woject block and food, and, once such aa association bas been formed,
the faster the Macrimination between a food- rewarded and a noniood- rewarded object biock.
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Thsve findings, based oa s independent group of snimals mbjected io Neld-sdministered radi-
atiom rathsr than to lsborstc:y -sdminisiered radiaticn, provide confirmation of an hypetiaels
previcesly sdvenced by McDowell sni Brown.}

These investigators hypothesissd, to sxplain focilitative effects of {rrediation m they r-
formance of muieys o decriiastion problerss with reduced stinulue cus, tast previeus
irradiation elovatse threshoids for 21l responses to the stimuli in the anizssl’'s suvircas o the
same dogree. Consequatily, the response-provoking poisntinlitises of (he weaker stimull sre
reduced .- lost, and an ingreassd percentage of total responses are directed te the stroager
stirwll. In the fivat of the prosent seriss of studies in Une with thi- hypothesis, the kigher the
previous dosags, the tastar the response to food (which is = relstively strong stimulus), the
siower the respopss (6 & wooden object biock (rhich is & relstively weak stimulus), and the
ixster the discrimination of a2 “rod-rewardsd object block, after cbject biocks kad acgrired the
stismles valne of food,

The sigaificant findings ior the male radiation dosags groupe of the present series of
situdies ca spatial delayed-respoase performance and on sttontion to suditory stimuli occurring
outalds the test room are is accordance with provicus findiags by McDowsll'” and Brown.! I
addition, the trende suggestod in the anklyees of the dats for the male radtation dreage growp
apisais ox dlscriminstion problems with reduced stimmive cuvs and on rosponees o cage parts
ary in the directim of agreemant, althougd the diffsrences do not 1each the couventicoal ievels
of cigaificaace, with previove researches.!”

The ckserve’ differeaces tsiween miles and females relative to the radistion dimension
oa the four abnve-manticoed variables sugpest the need for investigations of the sex varishle
&8 it reiatos to performasce and radistion.* Thess findings render questionsbdle generslisation
trom sy of the behavicral analysse which are based on all the animals of each radiation dosage
g,

The findings on the visusl acuily tasting of the present series of studies show Bo deficit in
xintioun-gise discrimination as the relative radistion dosage increnses. On the contrary, &
facilitation oseme sugpested on the more difficult discriminations. The conirast batwesen these
findings and those of Davis et al.’ and Brown and McDowell® must await further rescarch for
reaciution. Bome of the posaible airces of difference may be difisrential radiation sovrces,

difisrential dosage rates, age of the snimals at time of eaxpogure, or the calendar time betwesn

tecding and expoaure. The last of thase possible sources of difference appears to be the most
pecbable to the authors.
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Chapter 5

CONCLUSIONS AND RECOMMENDATIONS

8.1 CONCLUSIONS

§.1.1 Ciinical Chasrvations

() Letaality. The 13 azimals currerily alive from Wilson shot and the 66 animals cur-
rently alive from Fizseau shot show no ciinical symptoms that would allow any specific progno-
si3 of deatk.

®) Weight, Weight losses due to irradiation bave been recovered in sil survivors, and
furthar changes should de very similar (o those seen in the normai control monkeys.

{c) Opathaimology. Definite cataractogenssis has been observed at the end of the second
year postirradiation; this damege is generally proportional to the rad dose received, with a
threshold near 303 to $33 rads.

(4) Other Parametsrs. At the date of this raport, the animals that auffered from
vomiting, anorexia, diarrhoa, purpura, and epiiation resulting from the exposure to nuclear
emanations have recovered. Of all these parameters, lens damage appears to be the only late
sfioct with clinical manifestations.

8.1.3 Hematology

(a) Wilsom Shot. Erythroid elements of the peripheral blood recovered by 540 days;
larger tumbers of megaloblastic colls appsar to be present right up to the time of writing. For
the €3- to 340-day postexposurse period, most leukocytic cells show a depression below concur-
reat control vaiues; an animal thet died Guring this period showed practically no lympbocytes
in the circulation. The decroase in variability of white blood cell counts noted in chromicaily
irradiated monkeys wao not seen in shot Wilson animals.

(®) Maean Shot. The radiation damage resulting from exposure to the nuclear detonation
fwhich appesrsd during the first 30 days postexposure) bes now (about 31 months postirradia-
tion) been repaired.

§.1.3 Belavior

R must be concluded that, with regard to preliminary WGTA training, discrimination
problems with reduced stimalus cuss, spatial delayed response, and systamatic observations
of cage bekavior, the previous laboratory findings bave been coufirmed under the cooditions of
irradiation in the field.

The facilitation of visual acuity as the relative radiation dosages increase may prove to be
of great intevest.
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5.2 RECOMMENDATIONS

8.2.1 Clinical Obeervations

() Lethaiity. All the surviving animals should, 1f possible, be me!atainc4 indefinitely to
oboerve mortality and determine the caese of death and any change: in life apan or zwromiclogy.

(b) Weight. Bince these dats are always matatained in the practice ~f good animal hus-
baadry, they should be snalyzed and interpreted at frequent intervais.

(c) Ophtkalmology. It is felt that the catagory I animals should be studied at intor -ais of
six months to one year in & continuing search for the least-detoctable result of the type of ra-
disifon employed. Examination of the category II animals shouid now be dene at more freqguent
intervals, perheps every 90 daye, to watch for progression of the changes already praseat and
to detect the appearince of new changes should theae occur.

8.2.2 Hematology

Sampiing for all surviving Operatica Plumbbob antmale should continue on 2 semisnsusl
basis. Approximsately 24 montha from the time of this report, it would prooably be of con-
siderable interest to sample the periphersl circulstions weekly for five ~ ceke and once again
{0 analyze and interpret the results.

§.2.3 Behavior

The value of further cbeervitions to confirm the long-terr effs~{z .~ behaviur, to der on-
strate or disprove the apparent facilitation of visual acuity, and to amplily thw differsntixl sex
response indicated cannot be overestimated.
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